examined the age specific mortality for cancer of all sites from the published statistics of the United States, the United Kingdom, France and Norway and noted that the tumour death rate rose with the sixth power of the age. He suggested the carcinogenesis might depend on a series of mutations in the affected cells and that the clinical manifestation was dependent on the cumulative effect of this series of mutations. Stocks (1963) examined the mortality rates for gastric cancer in males for a series of cohorts and reached the conclusion that the pattern observed could be explained on the basis that there was a series of 5 mutations and a preclinical development period of about 17 years.
examined the age specific mortality for cancer of all sites from the published statistics of the United States, the United Kingdom, France and Norway and noted that the tumour death rate rose with the sixth power of the age. He suggested the carcinogenesis might depend on a series of mutations in the affected cells and that the clinical manifestation was dependent on the cumulative effect of this series of mutations. Stocks (1963) examined the mortality rates for gastric cancer in males for a series of cohorts and reached the conclusion that the pattern observed could be explained on the basis that there was a series of 5 mutations and a preclinical development period of about 17 years. Armitage and Doll (1954) made a detailed analysis of the death rates for a number of tumours and showed how the hypothesis of a small number of random discrete changes in cell structure and function could account for the observable steady rise in cancer mortality with age. Three years later (Armitage and Doll, 1957) they published an alternative analysis which suggested that the observed death rates could be explained on the basis of a " two hit " theory; that only two changes in cell function, the first involving enhancement ofthe rate of multiplication of cells and the second release from control, were necessary.
The relevant mathematical expressions which Armitage and Doll derived were: where I incidence N number of cells at risk p probability of change in any cell in any year r number of changes k= a constant This paper is an attempt, partly statistical and partly pathological, to decide between these two analyses.
The difference between the two possible expressions was studied in the case of deaths from gastric cancer in females. The mean annual age specific incidence of death from gastric cancer in women in England and Wales was calculated from the 36,236 deaths reported from this cause in the six years 1958 to 1963 inclusive by the Registrar General (1960, 1961, 1962, 1963, 1964, 1965 ) using the population distribution of the 1961 census which was one of the two middle years of the period (Registrar General, 1963) . The total number of deaths, the annual age specific death rates for five year periods and twice the standard error of these rates are set out in Table I . The death rate from gastric cancer in women was selected for several reasons. The number of cases was large and the standard error correspondingly small. There is no known association of gastric cancer with hormonal activity or with changing environmental factors such as cigarette smoking. Gastric cancer is almost uniformly lethal, very few patients survive more than a year after diagnosis so that the age at death corresponds closely to the age at onset. One type of malignant disease predominates in gastric pathology, sarcomata and reticuloendothelial tumours of the stomach are rare and their inclusion by error is unlikely to bias the analysis seriously. The diagnosis of gastric cancer is relatively easy and accurate, tumours of the duodenum are rare and confusion will not arise, difficulties in diagnosis between lower oesophageal and high gastric cancer do occur but are unlikely to be systematically biased in favour of youth or age. The data from females were chosen because of a systematic sex difference in tumour incidence; this difference forms the substance of another communication.
Plots of the age specific mortality rate, with marks for twice the standard error above and below the value, against age, are shown in double logarithmic form and in semi-logarithmic form in Fig. l(a) and (b). The points in Fig. l(a) fall almost on a straight line which passes through the point age = 58-21 years, death rate 300 per million. The value for age 30-34 falls above the line and that for age 85-90 falls below the line. The former discrepancy may be explained by the inclusion in the younger age group of cases of sarcoma affecting the stomach, a tumour of different histogenesis and possibly different pathogenesis to carcinoma of the stomach. The lower rate in the very old could be explained on the basis of under-diagnosis in women over the age of 80 years in whom extensive investigations may not be carried out. Between the ages of 35 and 80 the fit with a straight line is extremely good. In Fig. 1(b) on the other hand the points fall on a curve which shows a decreasing slope with advancing age. An attempt to fit a straight line to the points on this plot would show a systematic deviation; the points in the middle of the age range being above the line and those at the upper and lower extremities being below the line. dt--this has the value 0 when t = 0, i.e. there is a minimum death rate at age 0 but no maximum. This is true for values of t which give small values for the death rate when deaths from gastric cancer do not significantly reduce the susceptible population in which some only of the changes have taken place. At the greatest age in this study the death rate was 2596 per million, approximately 1 in 400.
If expression I is plotted as a semi-logarithmic graph a curve with decreasing slope with increasing age similar to that in Fig. 2 is obtained.
The slope and shape of the curve relating the death rate to age fit very well with the slope and shape of curves derived from expression I for the multiple or 10-5 which are more nearly equal to the spontaneous mutation rates quoted above.
The " two hit " theory The mathematical expression for the "Two Hit" theory of carcinogenesis gives curves of greater complexity than that for the multiple hit theory. Differentiation of expression II gives:
Expression V equals 0 when t = 0 or oo, i.e. there is a minimum value for expression II of 0 when t =-0 and a finite maximum of Np1 when t approaches infinitv.
For small values of p2/k(ekt 1) expression II approximates to the simpler form:
AVI. Preliminary studies showed that the general slope of the curve for the age specific death rate corresponded roughly to the curve for expression II with a value of k of 0 12. Exact values for this expression, setting Np1 arbitrarily at the level 10,000 to avoid decimal points, have been calculated for values of k 0410, 0412, 0-14 and for values of p2/k between 10-3 and 10-5 (Table II) . Armitage and Doll (1957) fitted the curves for the death rate in women to the parameters k = 0415, p2/k = 10-4 and k = 0-13, p2/k = 10-3 5.
The curves, Fig. 1 (a) and l(b), derived from the observed data show a steady increase in the death rate up to the age group 80-85 and the rate for the age group 85 + is higher than that for the age group 80-85. The theoretical curves which approach the horizontal asymptote at or before the age of 80 (k = 010, p2/k = 10-3; k 0= 012, P2k = 10-3; k 0 014, P2/k = 10-3, 10-4, 6 x 10-5) can be discarded on this ground alone as there is no such approach at the ages under consideration in the observed data. The remaining theoretical curves have been with the observed curve which is markedly bowed and shows decreasing slope along its length. Plotting the same curves in double logarithmic form, Fig. 3 , shows a contrast between the straight line of the observed line and the curves concave to the left of the theoretical lines.
There is a systematic deviation from a fit between the line drawn from the observed data and those derived from expression II. Not only do the absolute values of the death rates fail to match the theoretical line but there is a difference in the shape of the curves. In a double logarithmic plot the observed line is straight and the theoretical lines are curved. In a semi-logarithmic plot the converse is the case, the observed line is curved and the theoretical lines are, for a large part of their length straight. The occurrence of this systematic deviation is regarded as an important reason for rejecting this mathematical model of the events of carcinogenesis.
Calculation of the absolute values for the constants to be used in expression I shows that the probabilities of each change are reasonable when compared with the probability of genetic changes as the result of the action of known mutagenic agents. A similar calculation can be made for the constants in expression II. The value of k, 0-12, is decided by the approximate slope of the observed death rate/age curve. The value of p2/k, approximately 10-5 is determined by curve fitting; this value gives a value for P2 of 1P2 x 10-6 which is also within reasonable limits for the probability of a genetic change in a cell. Substituting these values in expression II for the age of 50: 120 x 10-6 Npl (40 x 10-4) Np i 3 x If N is taken as 109 cells the value of Pi becomes 3 x 10-11 which is several orders of magnitude below the probabilities determined for expression I and also for the value of p2 calculated above for expression II. If, on the other hand Pi is made equal to P2 at 1 x 10-6 the value for N, the number of gastric cells at risk becomes 3 x 104, a number of cells which would occupy only some 3 square millimetres of a single layer of epithelium.
It is suggested on the basis of the systematic lack offit between the observed data and the calculated curves for expression II and also because of the abnormal probability Pi for the initial genetic change or alternatively the extremely small number of cells to be regarded as susceptible to the first change that the hypothesis expressed mathematically in expression II is untenable and that the multiple hit hypothesis expressed in equation I is to be preferred.
The arguments so far are based on the death rates for England and Wales for the six years 1958 to 1963 . Dorn and Cutler (1955 in their monograph on cancer in ten metropolitan areas of the United States gave data on the age incidence of gastric cancer in 1161 women in the year 1947. An abstract of these rates is given in Table III and plots of the age specific incidence against age are given in Fig. 4(a) and (b) . Again the double logarithmic plot allows a good fit with a straight line while on the semi-logarithmic plot a straight line cannot be The data presented so far represent date contours (Case, 1956 ) of the mortality experience of women from gastric cancer in Britain and in the U.S.A. It is possible, with a secular trend in the environmental concentrations of carcinogenic agents, that the association shown in Fig. 1 and 3 is artefactual and that the true association should be a straight line in Fig. 2 and 4 and agreement with the mathematical relationship set out in expression II. To elucidate this point the death rates from gastric cancer collected by McKenzie, Case and Pearson (1957; 1965, personal communication) were used in a cohort analysis (Case, 1956 ). The death rates at different ages for women born in the quinquennia around 1850, 1860, 1870, and 1880 are set out in Table IV . Plots of the age specific death rates An integral number of changes in the " multiple hit " theory The plot of the observed values for the death rates correspond closely with those for expression I with a slope which corresponds to an exponent for t of 5-83. The mathematical analysis on which expression I was based predicates a finite number of discrete changes in the cell structure and function before malignancy finally occurs. The number of such changes must be integral and the slope of the age versus incidence line on the double logarithmic graph should therefore also be integral. In the case of gastric carcinoma this is not the case, the calculated slope of the best-fitting line is 5-83. A probable explanation of this finding is that one of the series of changes in the cells may occur before birth so that if n is the usual number of changes some individuals, because of their constitution at birth, require only n -1 changes. Expressed algebraically:
Ix. I = k2tn-1 + kltn-2 which reduces to:
X.
If klk/ is small relative to t, t + kl/k2 will approximate to t and the slope of the line will approximate to that of tn-1. If klk/ is large relative to t t + kj/k2 will approximate to k1/k2 and the slope of the line will approximate to that of tn-2. In the extreme case, where kl/k is equal to an intermediate value of t the series of points for expression VI fall between these corresponding to tn-2 and tn-1 but still fall on a straight line on a double logarithmic plot. Fig. 6 shows such a plot for the series I = kt3: I = kt2 and I = kt2 (t + 60) for the values of t, 40, 50, 60, 70, 80 which correspond to the ages at which tumours are seen most often in the human. The inference to be drawn is that the most usual number of changes required for malignancy to develop in gastric epithelium is 7 but that some individuals, because of the genetic state of cells of their gastric epithelium at birth, require only 6 changes. Alternatively, if Fisher's modification (Fisher, 1958) is accepted the number of changes required for the development of gastric malignancy in the more usual case would be 4 or 5 and in the exceptional case with an inherited predisposition 3 or 4.
Development period The age at diagnosis or at death is not the age at onset of malignant tumours as there is a clinical development time after the first appearance of a tumour. Allowance for such a period of development will make no difference to the shape of the curves or to the argument in the case of graphs drawn in a semi-logarithmic fashion. If (Fig. 1, 3) (Nordling, 1953; Stocks, 1953; Armitage and Doll, 1954) . The fit with the curve derived from expression II is not only quantitatively less good but shows a systematic deviation, instead of being almost a straight line or a curve asymptotic to a straight line at the higher ages there is a systematic difference between the observed and the expected curves. This qualitative difference between the observed and expected curves is present in the cohort analysis, the date contours and the data from the survey of Dorn and Cutler (1955) (Fig. l(b) , 4(b), 5(b)) and indicates that, on mathematical grounds, expression I is to be preferred to expression II as a representation of the observed data on death rate from this cause.
It is now necessary to consider some of the pathological evidence pertinent to distinction between the two stage and multi-stage theories of carcinogenesis. To some extent this distinction is illusory as each of the theories is derived from evidence of different type. The multi-stage hypothesis is based largely on a consideration of data from naturally occurring cancer in the human while the two stage hypothesis is of a qualitatively different nature and is based on the results of animal experiments rather than on clinical data.
The two stages of the two stage hypothesis are, in turn, qualitatively different from each other and may be attributed to the action of carcinogenic substances which may have actions specific only to one stage. These two stages have been designated initiation, the stage in which the cell is altered in such a way that it has a neoplastic potential and promotion, the stage in which, as the result of any of a variety of agents, the potentially malignant cells, which have already undergone initiation, go into a phase of excessive growth (Berenblum and Shubik, 1949) . This hypothesis does not exclude the possibility that each of the two stages, in the natural state, may depend on one or several changes in the genotype of the cells.
All cells of the body contain a full set of genetic material in the DNA of the chromosomes and thus have the potential capacity to differentiate in any of the many cell forms seen in the human body both in foetal and in adult life and also have the capacity to multiply at rates far in excess of those seen in the most rapidly growing of malignant neoplasms. In foetal life the rate of growth and of cell multiplication is extremely rapid, if tumours grew at like speed the chance of successful therapy would be much smaller than it is now. The malignant cell is a normal cell which has been changed: it is freed from the control mechanisms which maintain a balance of organ structure; it often has the property of invasion not shared by its normal predecessor; it has, to some extent, autonomy; it is a new type of cell parasitic on the host from which it derived.
We can observe in tumour cells the phenotype which is the expression of the changes which have taken place in the cells both in their genetic material and also in the intra-cellular control mechanisms. Many of these changes are deletions. The function of the tumour cell is usually lost: gastro-intestinal neoplasms often secrete little mucus, lung tumours have no respiratory function, malignant tumours of the endocrine glands often have no hormonal activity. In chronic myeloid leukaemia deletion of part of a chromosome can be seen, the Philadelphia chromosome (Nowell and Hungerford, 1960) . More detailed examination has shown a loss of cell surface antigens (Nairn, Richmond, McEntegart and Fothergill, 1960; Tee, Wang and Watkins, 1964) . On the other hand the observable changes may be additions to the usual phenotype. Abnormal karyotypes with large numbers of additional chromosomes have been seen in cultured tumour cells (Kirkland, 1966) and tumour specific antigens not present in normal cells have been detected (Nairn et al., 1960; Tee et al., 1964) .
Rarely the natural history of a neoplastic disease allows us an opportunity to observe the phenotype of neoplastic tissues at different stages in their life cycle. The pre-cancerous lesions, carcinoma in situ of the cervix, Paget's disease of the nipple and Queyrat's erythroplasia of the skin of the penis may be regarded as examples of conditions in which some but not all of the changes of carcinogenesis have occurred. A similar situation may exist in the prostate where I have shown (Ashley, 1965) , that the slope of the age specific incidence line of clinical prostatic cancer differs markedly from the slope of the line derived from analysis 27 of the histological " carcinoma diagnosed by microscopical examination of large numbers of prostates removed at autopsy.
Rather more direct evidence is given by the finding of a series of lesions of increasingly malignant histological appearance in the mucosa of the large intestine. (Ashley and Davies, 1967 The steps of a multi-stage carcinogenesis are often equated to somatic mutations, changes in the genetic material of the cell, and it has been postulated (Burch, 1962 ) that the earliest changes may be inherited in nature so that, for example in acute leukaemia in children, there is at birth a section of the population which is liable to develop this neoplasm. His reasoning is based on published family studies and suggests a smaller number of changes (5) in the reticuloendothelial cells than in the cells of the gastric mucosa. My own calculations show values of (r -1) close to 6 for chronic lymphatic leukaemia, carcinoma of stomach, oesophagus, pancreas, tongue, skin and bladder and multiple myeloma in the female; values close to 5 for carcinoma of rectum, large intestine, thyroid and vulva; values close to 4 for carcinoma of larynx, small intestine and vagina and tumours of bone, connective tissue and kidney, lymphosarcoma and reticulum cell sarcoma and lower values 2-41 and 2-22 in the case of brain tumours and acute leukaemia in adults.
Some part of the phenotype of a cell is controlled by mechanisms, initially laid down in response to genetic influences from the chromosomes, but subsequently self sustaining. It is conceivable that some of the steps of carcinogenesis may involve changes in these extra nuclear structure3 and, in response to the action of carcinogens, the probability of change could be substantially higher than the mutation rate in genetic material.
Viral carcinogenesis can be accepted as part of a multi-stage theory of oncogenesis if the viral infection is regarded as capable of inducing one of the stages necessary. It is possible to conceive a situation in which a number of individuals have in their bodies cells which have undergone the first few steps in the progression, when then they are exposed to an oncogenic virus an " epidemic " of tumours could arise.
The multi-stage hypothesis also explains the relatively low incidence of tumours in humans exposed to environmental carcinogens. Not all cigarette smokers develop lung cancer, not all aniline dye workers develop bladder cancer and most of the survivors of Hiroshima did not develop leukaemia. Again individuals in whose cells the earliest changes had occurred before exposure to the carcinogenic substances have a higher risk when exposure occurs.
This concept of multi-stage carcinogenesis unfortunately makes the possibility of there being a " cause " of cancer, in the sense of a necessary cause such as is the case in malaria or tuberculosis, rather remote. This in turn suggests that there are many factors in daily life which are or may be carcinogenic and points out the need for further research in the field of environmental carcinogenesis. The multiplicity of factors concerned also points out the need for research into the several mechanisms by which each of these discrete changes has its effect on the functioning of the cell as a whole.
SUMMARY
Graphical analysis of the death rates at five year age intervals for gastric cancer in women show a quantitatively and qualitatively better fit with the mathematical expression derived for a multi-stage theory of carcinogenesis than with that derived for a two stage theory. Cohort analysis of the data collected for England and Wales confirms this finding.
The pathological bases for the two theories are considered and it is shown that the two are not mutually exclusive but that the stage of initiation and the stage of promotion may each be the consequence of a number of discrete changes in cell structure and function.
Illustrations are cited to show that after carcinogenesis has occurred further discrete changes in the now neoplastic, autonomous cells can be identified with the comparatively crude methods of light microscopy.
